The paper presents the results of the effect of various fuel economy technologies on the certified CO2 emissions of light duty vehicles. The vehicles operate under two different driving cycles, namely the New European Driving Cycle (NEDC) and the Worldwide harmonized Light duty Test Procedure (WLTP), which is considered closer to real world driving and is going to be the new type approval test in the near future. The study focuses on the comparative evaluation of the effect of each technology on CO2 emissions under these two driving cycles. To this aim, simulation models for a number of passenger cars were developed and validated against test data, generated via a specifically developed test protocol. In order to cover a large share of the market, the European fleet was divided into a number of segments based on specific vehicle characteristics and technologies, and representative vehicles for each segment were chosen. In order to minimize flexibilities and sources of uncertainty, the models were developed according to a standardized modelling procedure, based on the development of a reference "template model". AVL's Cruise was used as simulation platform. The various components and modules for each vehicle model, as well as the respective input parameters, were defined with the support of the respective OEMs. After gaining confidence in the simulation models for all the vehicles considered in the present work, additional technologies, such as start-stop, brake energy recuperation and different drivetrain configurations, were implemented in each model. Specific strategies have been defined for the implementation of individual technologies and, where needed, additional algorithms were developed in Cruise. The results show that the effect of each technology on CO2 emissions is different between NEDC and WLTP, owing to the different characteristics of each cycle. For example, the effect of start-stop on CO2 emissions is larger in NEDC, due to longer idling periods compared to
Introduction
Currently, CO2 emission standards for passenger cars that are specified in Regulations (EC) No 443/2009 (UNECE (2015 ), relate to the CO2 emission values measured over the New European Driving Cycle (NEDC). However, it has been shown extensively that NEDC is not representative of the driving behaviour of a vehicle in real world conditions and thus, does not accurately reflect fuel consumption and emissions (Mock et. Al (2012) , Ntziachristos et. al (2014) ). The new WLTP test procedure, which defines a global standard for determining pollutant and CO2 emissions, aims at minimizing the discrepancy between the fuel consumption observed at real world and type approval conditions. In the context of WLTP, the majority of the aspects of current legislation are revised, while a more representative driving profile with steeper accelerations and faster engine and catalyst warm up is introduced (Demuynck et. al (2012) , UNECE (2014) ).
The binding targets for CO2 emissions set for years 2020 and 2021 make reference to the current emissions monitoring procedure. However, after WLTP introduction, which is aimed for 2017, measured CO2 emissions should be reduced to NEDC basis so as to be comparable with the limits. Requesting manufacturers to perform double testing of vehicles over both NEDC and WLTP cycles will be costly and would significantly increase the type approval burden. In preparation of the implementation of the new test into the European (EU) law, it is desirable to define a methodology for correlating the values measured on the two tests. To this aim, a simulation--based methodology has been developed (Tsokolis et. Al (2015) ), starting with the selection of a pool of representative vehicles, the development and standardisation of simulation models for each vehicle, and their extension to the investigation of technology effects on CO2 emissions. The present study focuses on the last step of this development, aiming at the assessment of a number of technologies, in terms of CO2 emission reduction potential, for a representative part of the vehicle pool.
Methodology
In the present work the models of the selected vehicles were developed using AVL Cruise modelling software (AVL (2012)). The necessary input data for each vehicle were provided by OEMs, in order to ensure the highest possible accuracy. The models were then validated against measurements conducted under both NEDC and WLTP. Once all vehicle models have been calibrated and validated, an extensive number of simulations can be conducted in order to assess the effect of a number of technologies on CO2 emissions under both NEDC and WLTP.
Development and validation of simulation models
An important criterion for the successful development of the vehicle models is the accuracy of the instantaneous and cumulative end values of CO2 emissions. To this aim a standardised simulation approach, based on the development of a reference "template model", has been established to facilitate and guide the modelling procedure as well as to guarantee coherence in the resulting accuracy of each vehicle model. The standardisation of the simulation approach included the whole cycle of the model development activity: the definition of the measurement protocol and test data analysis; the establishment of a standard vehicle-specific and technology-specific input format; the development of a template model, to be used for the simulation of each vehicle.
The template model is a structure that has been developed in order to simulate easily, quickly and accurately a wide variety of different vehicles. It consists of components that actual vehicles have (such as internal combustion engine (ICE), gearbox, wheels, electrical system, etc.), functions that control the operation of each component and the necessary connections between them. Each component is described by a number of parameters and is configurable in such an extent that it can reproduce most of the representative vehicles (e.g. light/heavy duty vehicle, diesel, gasoline) selected for this study. The connections can be either mechanical, allowing mechanical power flow (for example ICE → clutch → gearbox), electrical (battery → starter), or informational (control functions). Fig. 1 presents the structure of the template model. The main components of the template model, with reference to Fig. 1 , are the engine, the gearbox together with the clutch, the differential together with the final drive, the wheels and brakes, the cockpit and the electrical system. A description of the functionality of each component can be found in Tsokolis et. al (2015) . The template model shown above is used in order to simulate a 2-wheel drive (2WD) vehicle equipped with a manual gearbox. Although this type of drivetrain is the most representative in the market nowadays, the template model is capable of simulating other drivetrain configurations, such as 4WD and automatic gearbox. After the template model has been set up for each vehicle, it is calibrated and validated against experimental data recorded during NEDC and WLTP tests. To this aim, a standardised test protocol was developed and followed tightly in order to ensure the required data quality (test repeatability, data synchronisation etc.). A detailed description of the test procedure as well as the validation of the individual models can be found in Tsokolis et al. (2015) .
Simulation of individual technologies
The technologies considered in this study are summarised in Table 1 . Each technology variation results in CO2 reduction from 2% up to 17% depending on the impact on engine operation during the NEDC and WLTP (Ernst et al. (2012) ). The simulation approach is not the same for all the technologies: some of them are simulated using the built-in modules of Cruise, while others are simulated by developing new functions and sub-systems or by modifying the input parameters. In case that a vehicle is already equipped with some of these technologies, then it is also simulated as it was not equipped with them, and this applies for every technology considered in this work. Therefore, in all cases results with and without each technology are produced. Below is a brief description of how each technology is taken into consideration in the present work. The first engine-related technology is Start/Stop (abbreviated S/S), which is a standard function of most (if not all) modern passenger cars. According to available data, the CO2 benefit of S/S application is 4-7% in NEDC (Ernst et al. (2012) , TNO (2011)), which comes from the engine deactivation when the vehicle stands still, i.e. the fuel quantity burned in idling is saved. This technology is implemented in the simulations using Cruise's built-in component, as shown in Fig. 1 . The main parameters adjusted are the engine stop velocity, minimum battery charge and first activation time (after cold start). Concerning the activation strategy, for manual transmission vehicles the engine turns on when the clutch pedal is pressed and the latter is foreseen in the relevant regulation. Although vehicles with automatic transmission will not be discussed in this paper, S/S strategy has been implemented in the respective Cruise models. In such a case the engine is switched on when the brake pedal is released.
The second engine-related technology is energy recuperation, which can result in CO2 benefit up to 7% in NEDC (Ernst et al. (2012) , Ombach and Junak (2010) , TNO (2011) ). This benefit comes from the battery being charged when decelerating or braking (that is why this technology is also called "regenerative braking"), maintaining that way high state of charge and preventing the alternator activation when accelerating, which would impose extra load on the engine. The simulation of energy recuperation functionality is realised by adding a new component in Cruise model, called Brake Energy Recuperation System (BERS), in order to describe the electrical behaviour of the system. The main parameters that change between a conventional system and a BERS-equipped one are the activation strategy of the generator, the generator power and the battery capacity.
The simulation approach for the next two engine-related technologies, which are variable valve actuation (VVA) and gasoline injection system (DI/MPI), is similar for both of them. Modified fuel consumption maps are used, which have been produced by applying delta maps on the original engine fuel consumption map. These delta maps give the percentage change in fuel consumption when each individual technology is applied. These two technologies are considered only for gasoline engines in this study. The CO2 benefit for VVA, resulting from the optimisation of cylinder charging, can be up to 10% in NEDC (Ernst et al. (2012) , Penny et al. (2004) , TNO (2011)), depending on engine size and on the system applied (variable valve timing and/or lift). The corresponding CO2 benefit when DI systems are applied is around 3% for homogeneous combustion (Ernst et al. (2012) , Nemry et al. (2008) ) and can reach 8% when stratified strategy is followed (Ernst et al. (2012) ), through the optimisation of the injection strategy together with the possibility of increased compression ratio.
The last engine technology is thermal management, which actually represents systems with alternative cooling strategies, such as separate cooling circuits, cooled exhaust manifold and even exhaust heat recovery systems. In this study, thermal management is considered as faster engine warm-up after cold start, limiting that way heat and frictional losses and reducing fuel consumption and CO2 emissions. Different cold-start modelling approaches are implemented, representing faster warm-up of the engine. The CO2 benefit of thermal management, which is applied in gasoline and diesel vehicles, is maximum 2% in NEDC (Ernst et al. (2012) , Nemry et al. (2008) ).
The next technology is related to the gearbox of the vehicle, where the number of gears is increased, taking care not to exceed 7 gears in manual transmissions. Together with the number of gears, the gear ratios also change. This technology is equivalent to downspeeding, since the addition of extra gears(s) drives the engine to lower rotational speeds. According to available data, the CO2 benefit with optimised gear ratios can reach 4% in NEDC (Ernst et al. (2012) , Nemry et al. (2008) , TNO (2011)), depending on engine type (gasoline or diesel).
The last two technologies refer to the driving resistances of the vehicle and are actually defined by the road load, consisting of both rolling and aerodynamic resistances, and the weight. The variations of these two parameters (road load and weight) for each individual vehicle represent alternative vehicle configuration or other vehicles within the same segment. The possible alternatives and combinations of these two technologies are a lot and can result in substantial fuel savings. As an indication it is referred that optimisation of the aerodynamic design can result in up to 2% CO2 reduction, while 10% reduction in tyre rolling resistance offers 1.0-2.5% fuel saving in NEDC (Ernst et al. (2012) , Nemry et al. (2008) , TNO (2011)). At the same time, strong limitation of vehicle weight can result in up to 12% CO2 reduction in NEDC (Ombach and Junak (2010) , TNO (2011)).
List of vehicles
In order to ensure the adequacy of the available data to evaluate the effect of the above mentioned technologies on NEDC and WLTP CO2 emissions, a pool of representative vehicles was initially defined according to four characteristics of a technology-based approach: i) fuel type; ii) engine charging; iii) displacement; iv) type of transmission (Tsokolis et al. (2015) ). The combination of these four vehicle characteristics led to the definition of 29 vehicle segments. In the present work, a part of the selected vehicle pool is considered. Table 2 presents the main features of the selected vehicles, where it can be seen that both gasoline and diesel cars are included, turbo and naturally aspirated and with various displacements and body types. It has to be mentioned that all vehicles of the table below are originally equipped with Start-Stop and BERS. 
Results and discussion
The above described technologies have been implemented to the vehicles that are applicable. For example, DI/MPI technology was applied only to gasoline vehicles, as already mentioned. While VVA becomes applicable to diesel engines also, in this study it has been considered only in gasoline cars. In the next paragraphs each technology will be discussed separately and the results from representative vehicles will be presented. Similar results have been obtained in all cases.
Start-Stop
The effect of Start/Stop on CO2 emissions is 2.5-4.8% in NEDC and 1.2-2.6% in WLTP, for the vehicles considered in this work. As expected, this technology has stronger effect on NEDC, owing to the longer idling period as compared to WLTP; the vehicle stands still for 22.6% and 13.4% of the total time in the two cycles respectively. Elimination of Start-Stop may result to a decrease of delta CO2 emissions (WLTP-NEDC) in the order of even 20%, depending on the fuel consumption of the engine in idle. Fig. 2(a) presents indicatively the results for the Gasoline 3 vehicle (medium, turbocharged) of Table 2 . The starter activation at each engine start results in battery discharging, affecting accordingly its state of charge (SOC), as shown in Fig. 2(b) . Depending on the control unit strategy, this may trigger alternator activation that will impose an extra load on the engine, increasing fuel consumption. This phenomenon may counterbalance in some extent the benefit from Start-Stop, especially in cases where the stop period is short. As can be seen in Fig. 3(b) , NEDC begins with an almost full battery while WLTP begins with the battery charged at 80%, while the vehicle is equipped with BERS (in both cases of S/S), the effect of which is analysed in the next paragraph. a b 
Energy Recuperation (BERS or Regenerative Braking)
The effect of BERS on CO2 emissions is 1.9-4.0% in NEDC and 1.3-1.6% in WLTP, for the vehicles considered in this work. Similarly to Start-Stop and as expected, this technology has stronger effect on NEDC, owing to the longer braking period as compared to WLTP. Elimination of BERS (keeping Start-Stop) may result to a decrease of delta CO2 emissions (WLTP-NEDC) in the order of even 10%. Fig. 3(a) presents indicatively the results for the Diesel 4 vehicle (medium, turbocharged) of Table 2 . The activation of the generator while braking results in battery charging, increasing accordingly its state of charge (SOC), as shown in Fig. 3(b) . a b On the other hand, when the vehicle is not equipped with a regenerative braking system, then the battery is depleted even during braking in order to cover the electrical consumptions of the car. Of course, different strategies are implemented in the two cases and this is depicted in Fig. 3(b) : in the case without BERS the generator charges the battery after each engine start, resulting in extra fuel consumption, while in the case with BERS this charging is covered by regenerative braking. Although in common practice all vehicles with Start-Stop are also equipped with BERS, here these two technologies have been isolated in order to study their individual effects.
Variable Valve Actuation (VVA)
The third technology considered in this study is variable valve actuation (VVA), which is applied only on gasoline vehicles in this work, although it is also commonly applicable to modern diesel engines too. Similarly to the previous two technologies, VVA affects more NEDC than WLTP, with the respective effect on CO2 emissions being 2.5-5.0% and 1.4-2.1%. Fig. 4(a) presents indicatively the results for the Gasoline 1 vehicle (small, turbocharged) of Table 2 , before and after the application of a VVA system. As such systems affect fuel consumption mainly in the lower part of the engine operating range, Fig. 4(b) justifies the stronger effect on NEDC rather than WLTP. At the former cycle the engine operates in lower speeds and loads, while at the latter both engine speed and torque are higher. a b This technology is applied only to gasoline vehicles and refers to the injection system. Gasoline direct injection systems are more and more applied nowadays, owing to the considerable benefits that they can offer in terms of fuel consumption, especially when stratified and lean-burn strategies are implemented. However, care has to be taken concerning NOx emissions, which may increase in such combustion systems (Breitbach et. al (2013) ). In this work, the application of a DI system, as opposed to MPI one, results in a reduction of CO2 emissions by up to 1.5% in NEDC and by up to 0.8% in WLTP. Fig. 5 presents the results of CO2 emissions for Gasoline 5 vehicle (small, naturally aspirated) of Table 2 with a port and a direct injection system. Since the effect of a direct injection system on fuel consumption is stronger in lower loads rather than in medium ones, the reason why NEDC is more affected than WLTP by such a system lies as previously in the engine operating range during the two cycles.
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Thermal management
Closing engine related technologies, thermal management, which is applicable in both gasoline and diesel vehicles, intends to limit the cold start effect, reducing thus fuel consumption. In general, cold start effect on CO2 emissions (i.e. CO2 emissions increase between a cold-started and a hot-started cycle) is 10% in NEDC and 5% in WLTP (Mock et. al (2014) ). The higher engine loads experienced during WLTP warm-up the engine and the gearbox faster, limiting heat, frictional and torque losses. In this study, thermal management refers only to the engine and it is approached as faster warm-up after cold start. The potential for CO2 reduction of such a system is greater in NEDC, however for the vehicles considered in this work the maximum effect remains below 1% in both cycles. 
Gearbox variations
In the case of gearbox variations the numbers of gears is increased up to 7 in manual transmission, together with the gear ratios. However, as the majority of vehicles within this study are equipped with 6-speed gearboxes, the decrease to 5 gears was also considered in order to cover other vehicles within the same segment. When applying an additional gear, the benefit in terms of CO2 emissions for the vehicles studied here is up to 1% in NEDC and reaches almost 3% in WLTP, reducing thus the delta between the two cycles. Fig. 7 presents the CO2 emission results for the Diesel 2 vehicle of Table 2 . It is interesting to note the higher effect on WLTP, which occurs due to the gear-shifting when different gearbox scenarios are implemented. According to WLTP regulation, gear-shifting is optimised so as to drive the engine in low fuel consumption areas. Contrary, NEDC legislation just applies the highest gear (in 6/7--speed gearboxes) above 100 km/h, not fully exploiting the potential for CO2 emissions reduction. 
Road load and inertia
The variations of road load and inertia represent alternative vehicle configurations, such as additional equipment, different tyres or chassis body version, as well as other vehicles within the same segment. In this work a sensitivity analysis was conducted in order to evaluate the effect on CO2 emissions. Inertia was varied by ±100 kg and road load by ±10% in two separate steps, first the rolling resistance (RR) was varied and then the aerodynamic resistance (AR) was changed. Fig. 8 presents indicatively the results for the Diesel 1 vehicle of Table 2 , where it can be seen that mass reduction by 100 kg (with lightweight construction for example) can improve CO2 emissions by around 2% in both cycles. At the same time, limitation of RR by 10% (e.g. using other tyres) offers a CO2 benefit of 1.2% and 2.2% in NEDC and WLTP respectively, while 10% reduction of AR (different aerodynamic design for reduction of drag coefficient) decreases CO2 emissions by 2% and 2.8% in NEDC and WLTP respectively. Of course, road load reduction has stronger effect on WLTP due to the higher velocities experienced compared to NEDC, while for the same percentage reduction in RR and AR, the effect is stronger for the latter which is proportional to vehicle velocity squared. 
Summary and conclusions
This work presented the effect of various fuel economy technologies on CO2 emissions of light duty vehicles, over NEDC and WLTP. The former is the current type approval legislation, while the latter is considered closer to real world driving and is going to be the new type approval test in the near future. Validated simulation models for a number of vehicles were used, implementing one technology at a time, following a specific modelling approach for each one. The main output of this study is that the majority of fuel economy technologies have stronger effect on NEDC than WLTP. This is something expected to a certain extent, since manufacturers develop these technologies according to the current legislation. Therefore, it seems that either the application limits of current technologies have to be extended or new concepts have to be developed in the near future in order to limit effectively fuel consumption. Two notable exceptions of this finding are the number of gears increase, owing to the gear-shifting optimisation in WLTP, and the reduction of road load, with the aerodynamic resistance having the stronger effect. An additional interesting finding of this study is that, according to the results presented herein, technology prioritisation in terms of CO2 emissions limitation is not the same in both cycles. It was found that Start-Stop, VVA and BERS can offer the highest CO2 benefit over NEDC, while an alternative gearbox together with an optimised vehicle configuration (optimised rolling and aerodynamic behavior) present the greatest potential for CO2 emission reduction in WLTP. In this context, vehicle design may follow different paths in the future, paying more attention for example in lightweight constructions.
